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Abstract

Photoinduced charge separation and recombination were studied in a series of covalent donor–acceptor triads consisting of ani-

line, 1-aminonaphthalene, or 9-aminoanthracene donors (D) attached to a 4-aminonaphthalene-1,8-dicarboximide chromophore

(ANI), which in turn is attached to a naphthalene-1,4:5,8-bis(dicarboximide) acceptor (NI) to give D–ANI–NI. The relationship

between the molecular structure of D+� and the magnitude of the electronic coupling between the radicals within D+�–ANI–NI��

was probed by direct measurements of the spin–spin exchange interaction, 2J, using magnetic field effects on the yield of the neutral

triplet state resulting from charge recombination and by density functional theory calculations.

� 2005 Elsevier B.V. All rights reserved.

1. Introduction

One of the fundamental issues in developing an under-

standing of intramolecular electron transfer reactions is

the influence of the electronic structures of the redox cen-

ters on this process. This structure–function relationship

is inadequately captured by many theoretical treatments

of electron transfer, which tend to describe a donor or

acceptor by only a few quantities such as redox poten-

tials and excited state energies [1]. Two molecules with
similar redox and excited state properties may not be

equally good electron donors due to other considerations

such as competitive relaxation pathways or differences in

electron density at the site connecting the donor to the

acceptor [2]. While the electronic structure difference is

formally incorporated into electron transfer theory via

the quantity VDA, the donor–acceptor electronic cou-

pling matrix element [3,4], this quantity is difficult to pre-
dict ab initio. However, a qualitative understanding of

the relationship between electronic structure and elec-

tronic coupling can be exceptionally useful in designing

efficient charge separation systems.
It has been shown that the structural dynamics of the

4-aminonaphthalene-1,8-dicarboximide (ANI) chromo-

phore and the nature of the charge transfer state created

by its photoexcitation have a dramatic effect on the elec-

tron transfer process [5,6]. The analogous aminonaph-

thalenes are well known to possess intramolecular

charge transfer (ICT) states [7–9]. Upon photoexcitation

they quickly form a charge transfer state in which signif-
icant positive charge is localized on the amino group

and negative charge is located in the naphthalene. Many

researchers believe this state is a classic twisted intramo-

lecular charge transfer (TICT) state, where rotation of

the amino group localizes positive charge on the nitro-

gen atom [8], while other groups believe that the

trapping mechanism is planarization of the nitrogen

(PICT) and not twisting of the amine [7]. Photoexcita-
tion of the ANI chromophore also yields a charge

transfer state in which the naphthalene-1,8-bis(dicarbox-

imide) is much more electron deficient than naphtha-

lene. By polarizing the charge density within the ANI

chromophore following photoexcitation, electron trans-

fer to an acceptor attached to the naphthalene-1,8-
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bis(dicarboximide) and hole transfer to a donor at-

tached to the amino group become more favorable.

A series of covalent molecular triads having an aro-

matic amine electron donor (D), an ANI chromophore,

and a naphthalene-1,4:5,8-bis(dicarboximide) acceptor
(NI) was synthesized, Chart 1. The donor D is linked

to ANI using a piperazine molecule, which furnishes

the nitrogen atom of the ANI chromophore as well as

an amino group to which aromatic donors, which vary

in size from phenyl (Ph) to naphthalene (Naph) and

anthracene (Anth), are attached. We wish to explore

how increasing the size of the aromatic p system of the

secondary donor influences the electron transfer dynam-
ics of the triad systems, D–ANI–NI in toluene. Charge

separation and recombination rates are measured using

femtosecond and nanosecond transient absorption spec-

troscopy, respectively. In addition, the magnitude of the

electronic coupling between the oxidized donor and the

reduced acceptor is probed specifically by direct measure-

ments of the radical ion pair (RP) spin–spin exchange

interaction (singlet–triplet splitting), 2J, using magnetic
field effects (MFEs) on the yield of triplet states resulting

from radical ion pair recombination. The MFEs are due

to the Radical Pair InterSystem Crossing (RP-ISC)

mechanism, which is well-known to account for triplet

production within photosynthetic reaction centers [10–

15], and has been described in detail elsewhere [16–25].

The ground and excited state geometries of these mole-

cules were studied using density functional theory.

2. Experimental

2.1. Computational methods

The donor structures were energy minimized as both

neutral and radical cation species with density func-

tional theory (DFT) calculations within the Jaguar

electronic structure software package (Jaguar, v. 5.0,

Schrödinger, Inc.) using the B3LYP hybrid functional

[26,27] and a 6-31G* basis set. The radical cation spin

densities were also calculated with DFT (B3LYP,

6-31G*) for optimized structures. The optimized geom-
etries of the NI radical anion and the uncharged donor–

acceptor molecules were calculated via the PM3 method

implemented in Hyperchem (Hypercube, Inc., Gaines-

ville, FL).

The distance between donor-cation and acceptor-

anion, rDA, was calculated by dividing the molecule into

two parts, the anion (NI) and the cation (D–ANI). For

the anion, the spin density-weighted average of distances
to the terminal imide that joins the anion to the cation

was calculated to be 3.35 Å. For the cation, the spin den-

sity-weighted average of distances to the naphthalene-

1,8-dicarboximide part of ANI were calculated. This

distance varied with the donor. The reported rDA is the

sum of these two calculations plus the length of the

imide–imide bond found for the neutral molecules

(1.46 Å).
The internal reorganization energy was calculated

using PM3 single point calculations on the DFT-opti-

mized structures for the donor and the acceptor in the

uncharged and charged states [21]. The donor molecule

utilized the D–ANI geometries; however, the ANI por-

tion was truncated.

This piece-wise calculation of the anion and cation

allow for the computational work on the variable part
of the molecule (the donor) to be performed at a higher

level of theory than the other parts.

2.2. Experimental methods

The syntheses of ANI–NI, Ph–ANI–NI, Naph–ANI–

NI, and Anth–ANI–NI follow procedures described

earlier [19]. N-(1-naphthyl)piperidine and N-(9-anthryl)-
piperidine were prepared using Pd(0) catalyzed cross

coupling of piperidine to the corresponding bromoaro-

matics [28]. The magnetic field effect measurements were

performed using a previously reported procedure [19–

21]. The femtosecond transient absorption apparatus

and measurement techniques have also been reported

elsewhere [29].

3. Results and discussion

3.1. Electrochemistry

The photophysics of rod-like donor–acceptor arrays con-

taining the ANI chromophore have been characterized previ-

ously in detail [6]. The redox properties of this series of

molecules are presented in Table 1. All potentials are reported

vs. SCE. All measurements were performed in dichlorometh-
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Chart 1. Structures of ANI–NI and D–ANI–NI molecules.
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ane (DCM) with 0.1 M tetra-n-butylammonium hexafluoro-

phosphate (TBAPF6) as a supporting electrolyte, with a ferro-

cene internal standard (0.475 V vs. SCE). The acceptor, NI,

reduces at �0.63 V, and the ANI donor oxidizes at 1.2 V.

Ph–ANI and Naph–ANI have similar oxidation potentials,

1.07 and 1.09 V, respectively, while the Anth–ANI is some-

what easier to oxidize, 0.93 V. The oxidation potentials of

the D–ANI compounds are less positive than that of ANI

due to resonance stabilization of the aromatic amine radical

cations.

3.2. Geometries and spin densities

Comparison of the DFT geometries of D–ANI and D+�–

ANI�� indicates that the structural features that change most

across the series are the dihedral angles between the aromatic

ring of D and the piperazine, see Fig. 1. These two dihedral an-

gles, D1 and D2, as well as the dihedral angles describing the

piperazine–ANI attachment, D3 and D4, are listed in Tables 2

and 3.

The ground state geometries show that the dihedral angle

between the donor group and the piperazine ring increases as

the aromatic D group gets larger. This presumably minimizes

steric interactions. In the case of the smallest donor where

D = Ph, there is relatively little steric interaction and the D

group is fairly planar with respect to the piperazine ring

(D1 = 11.0�, D2 = 55.7�). The bulky anthracene group resides

in a nearly perpendicular orientation (D1 = 72.0�,
D2 = 108.4�), while the naphthalene case is intermediate

(D1 = 77.0�, D2 = 29.0�). The dihedral angles describing the

amino to naphthalene-1,8-dicarboximide link are fairly con-

stant throughout the series with D3 � 24� and D4 � 60�.
The minimized radical cation structure depends not only on

steric hindrance, but also on changes in electronic structure.

These factors are competing; steric factors dictate that the

D–piperazine connection be close to perpendicular while elec-

tronic considerations strongly favor planarization of the sys-

tem to distribute charge over the largest possible conjugated

p system. We see that the electronic interaction is dominant;

all compounds are significantly more planar in their radical

cation state than their ground state. However, within the ser-

ies, steric bulk does have an impact on how planar the system

can become. The trend is similar to that seen in the ground

state: the phenyl donor is more planar than the bulky anthra-

cene donor. Again, the D3 and D4 dihedral angles change little

across the series.

The spin densities for the radical cations are summarized in

Table 4, which lists the percent spin density at each nitrogen

atom in the piperazine, the percent spin density summed over

each carbon in Ph, Naph, or Anth, and the total percent spin

density in those three regions. In all cases, the majority of the

spin density is located in those three places (Total); however,

the amount delocalized throughout the rest of the system does

change. When D = Ph, 65% of the spin density is located on

the aniline or piperazine nitrogens and 35% is located else-

where in the system. When D = Naph, 30% is located else-

where in the system, and for D = Anth only 19% is localized

elsewhere. As the cation structure becomes less planar, the

charge becomes more localized on the D = aromatic and piper-

azine nitrogens. As we increase the size of the p system, the

charge is stabilized better by delocalizing exclusively through

the p system without needing additional conjugation with the

naphthalene-1,8-dicarboximide portion of the system. This is

clearly seen in the spin densities: Ph–ANI has 19% localized

in the phenyl, Naph–ANI has 41% in the naphthalene donor,

and Anth–ANI has 60% of the spin density on the anthracene

Table 1

Oxidation (Eox) and reduction (Ered) potentials vs. the saturated

calomel electrode

Compound Eox Ered

NI �0.63

ANI 1.2

Ph–ANI 1.07 �1.32

Naph–ANI 1.09 �1.35

Anth–ANI 0.93 �1.36

Fig. 1. A schematic representation of the dihedral angles of the

system.

Table 2

Dihedral angles of the neutral compound, see Fig. 1

Compound D1 D2 D3 D4

Ph–ANI–NI 11.1 55.7 23.9 59.9

Naph–ANI–NI 77.0 29.0 25.6 60.9

Anth–ANI–NI 72.0 108 24.4 59.5

Table 3

Dihedral angles of the radical cation, see Fig. 1

Compound D1 D2 D3 D4

Ph–ANI–NI 11.0 35.3 26.3 54.6

Naph–ANI–NI 34.1 45.4 26.9 57.2

Anth–ANI–NI 52.9 47.8 27.8 62.1

Table 4

Quantities calculated from the spin densities of the radical cations on

geometry optimized structures, see Fig. 1

Compound Spin density (%) rDA

N1 N2 Aromatic system Total

Ph–ANI–NI 31 15 19 65 12.4

Naph–ANI–NI 18 11 41 70 13.4

Anth–ANI–NI 15 6 60 81 15.1
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moiety. Additionally, the density on the piperazine nitrogens

shifts toward the aromatic donor as the size of the p system

increases.

It is clear that the bulk of the spin density does move to-

ward the D moiety as the size of the aromatic system increases,

and this is captured by the rDA we computed as described in

the experimental and listed in Table 4. This will be an impor-

tant metric for understanding the magnetic field effect results.

3.3. Photophysics

Femtosecond transient absorption spectroscopy indicates

that charge separation occurs via a two-step mechanism for

all compounds. In all cases, fast electron transfer occurs be-

tween ANI and NI to form D–ANI+�–NI�� with s = 1.0–

1.2 ps. This is followed by a fast charge shift from ANI+� to

the secondary donor, D with s = 3–8 ps. The final ion pair,

D+�–ANI–NI�, lives longer than the initial ion pair, D–

ANI+�–NI�� in all cases, Table 5. Representative transient

absorption spectra for Anth–ANI–NI are shown in Fig. 2.

At the earliest time, t = 0.36 ps, the ground state bleach of

ANI is apparent at 400 nm along with the 490 nm feature

which is indicative of 1*ANI [6]. These two features rapidly dis-

appear, and by t = 1.04 ps the spectrum shows the prominent

NI�� bands at 480 and 610 nm. Charge recombination times

generally increase as rDA increases. However, charge recombi-

nation within Naph+–ANI–NI�� is somewhat slower than

within Anthr+�–ANI–NI�� due to energetic considerations.

The time constants for charge separation, charge shift and

charge recombination are reported in Table 5.

3.4. The magnetic field effect

Extensive descriptions of the influence of magnetic fields on

radical pair spin dynamics of organic systems have been pub-

lished recently by Weiss et al. [19–21]. Briefly, when the elec-

tron transfer reaction originates from a state in which the

redox centers are also paramagnetic, e.g., charge recombina-

tion from a radical pair (RP), the electronic coupling that dic-

tates charge transfer from the RP to energetically proximate

electronic states is also that which facilitates the magnetic

interaction between the unpaired spins of the RP [30–34].

Therefore, the magnitude of the magnetic interaction and its

behavior as a function of donor–acceptor distance should pre-

cisely mirror that of V 2
DA.

Immediately following rapid, nonadiabatic charge separa-

tion, the correlated electron spins are in a singlet configuration.

Following their formation, the weakly coupled electron spins

are free to precess independently around the resultant of their

respective local fields due mainly to the electron–nuclear

hyperfine interactions and the external applied magnetic field.

After times usually in the range of a few nanoseconds, RP-ISC

results in the formation of a triplet spin configuration. When

hyperfine and exchange interactions are isotropic and spin–

spin coupling is weak, each of the three zero-field triplet states

of the radical pair will be nearly degenerate with the singlet

and will be populated with equal probability at room temper-

ature. If the spin–spin exchange interaction within the radical

ion pair is nonzero, the triplet manifold is not initially degen-

erate with the singlet, but rather separated from the singlet by

an energy 2J, Fig. 3.

Application of a magnetic field results in Zeeman splitting

of the triplet sublevels, which at high fields can be described

by the T0 and T±1 states, Fig. 3. In the high field limit, pop-

ulation of the RP triplet state occurs exclusively by S–T0 mix-

ing, while T�1 and T+1 remain unpopulated. Electron

paramagnetic resonance (EPR) measurements on closely re-

lated compounds have confirmed that the triplet levels of

the radical pair are higher in energy than the singlet state

as would be expected from net antiferromagnetic exchange

[35]. When the Zeeman energy from the applied field equals

that of the S–T splitting, the low energy triplet state, T�1,

crosses the singlet, and the RP-ISC rate is maximized, which
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Fig. 2. Transient spectra of Anth–ANI–NI in toluene following a

400 nm, 100 fs laser flash.

Table 5

Summary of photophysics in toluene

Compound sCS (ps) sCR (ns) 2J (mT)

ANI–NI 0.7 12.0 –

Ph–ANI–NI 1.2, 3 17.0 –

Naph–ANI–NI 1.3, 5 37.1 26

Anth–ANI–NI 1.0, 8 30.4 17
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Fig. 3. Schematic of radical ion pair energy levels as a function of

magnetic field.
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produces a resonance in the triplet yield at B2J. The results of

the magnetic field effect experiments are summarized in Table

5. ANI–NI and Ph–ANI–NI both have values of 2J that are

larger than we can measure (>1 T). Naph–ANI–NI has a 2J

value of 26 mT, while Anth–ANI–NI has 2J = 17 mT, Fig. 4.

It should be noted that, although Ph–ANI–NI has a very

similar rDA to that of the meta-linked 6ANI–Ph–NI molecule

in [25], the 2J value for Ph–ANI–NI is at least a factor of 3

(>1 T) greater than that of 6ANI–Ph–NI (2J = 320 mT). This

is most likely due to the fact that in 6ANI–Ph–NI, there are

two near-orthogonal phenyl-imide linkages between donor

and acceptor, and in Ph–ANI–NI, there is a single orthogo-

nal imide–imide linkage between 6ANI and NI. Large dihe-

dral angles between chromophores reduce electronic

coupling significantly by breaking the conjugation between

donor and acceptor. The observed decrease in 2J correlates

well with the value of rDA determined from our electronic

structure calculations. Although, we only have two 2J values,

we may calculate a decay parameter, (2J = 2J0exp(�arDA)),

a = 0.25 Å�1 for these two points. Because 2JaV 2
DA, the

parameter for the exponential decay of the coupling, b = a/2
= 0.13 Å�1. This weak dependence of coupling on distance

is very reasonable considering that the extension of the

conjugated p-system, rather than the addition of any

weakly-coupling r-bond linkages, is responsible for the

increase in rDA.

4. Conclusion

We are able to exploit the intramolecular charge
transfer character of our primary donor, ANI, to create

longer-lived radical ion pair states. By modifying the

nature of the 4-amino group on ANI, we are able to

localize the positive charge at greater distances from

the radical anion, thus prolonging the lifetime of the

ion pair state. As the distance between the radical cation

and the radical anion increases, the cation becomes

trapped on the donor, and their electronic coupling to
one another decreases. The electronic stabilization of

the radical cation in the p systems of the larger donors

occurs despite the less than favorable radical cation

geometry due to steric constraints.
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